[1] Extendingy an almost universal observation that the rate of microbial activity increases with temperature, we propose that marine microbial activity was suppressed during previous glacial periods and allowed proportionally more organic carbon to be exported out of the surface ocean. A stronger organic carbon pump and therefore lower rain ratios of CaCO 3 to organic carbon may have contributed to the low atmospheric CO 2 content during the Last Glacial Maximum. Previous study of temperature-dependent export production (Laws et al., 2000) and our map of data-based, global distribution of the rain ratios lend support to today's rain ratios being controlled at least partly by temperature. A close examination with a high-resolution regional ocean ecosystem model indicates that the correlation between rain ratio and temperature is caused indeed by preferential remineralization of organic matter, but a part of the correlation is also driven by temperature-dependent community composition. An extrapolation of these results to the globe using a global carbon cycle box model with a module for sediments indicates that the drawdown of atmospheric CO 2 by the proposed mechanism is approximately 30 ppm. While this estimate is subject to uncertainty, the fact that it represents nearly one third of the glacial-interglacial variation in atmosphere pCO 2 suggests the potential importance of the new mechanism. Given the historical difficulty in explaining the full CO 2 amplitude with a single cause, we suggest that a set of multiple mechanisms were responsible and that the temperature-dependent POC degradation rate is one of them. We discuss two possible difficulties with our proposal that have to do with the potentially important role that ballasts play in organic carbon export and the possibility that enhanced biological pump is self limiting. 
Introduction
[2] Vostok ice core measurements show that atmospheric CO 2 content was lower during the past four peak glacial periods by 80 to 100 ppm than during interglacial periods including the present Holocene [Petit et al., 1999] . This natural CO 2 fluctuation is large and occurred in tandem with changes in air temperatures over Antarctica and global continental ice volume. Since its first discovery in the 1980s, the fluctuation remains a mystery, although it is well understood that the deep ocean with its large carbon reservoir must have played a key role [Broecker, 1982] . As reviewed by Archer et al. [2000] and Sigman and Boyle [2000] , a number of explanations has been proposed over the years to account for the low atmospheric CO 2 content during the Last Glacial Maximum (LGM) approximately 20,000 years ago. Most explanations involve changes in either the ventilation of deep waters or surface biological productivity. Early studies using simple box models have shown that atmospheric CO 2 content is sensitive to those changes particularly in high-latitude surface regions where deep waters outcrop [Knox and McElroy, 1984; Sarmiento and Toggweiler, 1984; Wenk and Siegenthaler, 1985] . Biological productivity in low-latitude surface waters can also reduce atmospheric pCO 2 by either enhancing the biological pump (i.e., the export of particulate organic carbon (POC) out of the mixed layer) [Broecker, 1982] , or by diminishing the export of CaCO 3 relative to that of POC (i.e., the so-called ''rain ratio hypothesis'' [Archer and Maier-Reimer, 1994] ). Despite all the work for over two decades, there is as yet no explanation for the mystery that is widely accepted. The mechanisms proposed thus far either violate some paleoclimatological constraint, such as the deep ocean lysocline reconstruction [Farrell and Prell, 1989] , or are insufficient to account for the full glacialinterglacial CO 2 fluctuation (see reviews by Archer et al. [2000] and Sigman and Boyle [2000] ).
[3] The difficulty in explaining the mystery may be rooted in our effort to identify a single cause. It is tempting to seek a single cause, because the fluctuation is so regular and highly correlated with global continental ice volume changes over the past 650,000 years [Siegenthaler et al., 2005] . If multiple mechanisms were responsible for the CO 2 fluctuation, they were likely interdependent and exerted similar amounts of influence on atmospheric CO 2 content in each of the last four glacial-interglacial cycles. Otherwise, the high regularity would be difficult to explain by multiple mechanisms save coincidence.
[4] In spite of all the uncertainty that surrounds this mystery, we place relatively high confidence on three glacial ''boundary conditions'' and their implications. First, lower sea surface temperatures (SST) during peak glacial periods increased CO 2 solubility. Available paleoceanographic evidence suggests that cooling in low-latitude surface temperatures during the last glacial maximum compared to the Holocene was between 2°-3°C [Broecker, 1986; CLIMAP Project Members, 1981; Rostek et al., 1993] and 5°C [Guilderson et al., 1994; Stute et al., 1992] . High-latitude cooling could not have exceeded 4°C to avoid seawater from freezing. Simple models show that a reduction in SST in low latitudes by 5°C and in high latitudes to near freezing point lowers atmospheric pCO 2 by roughly 30 ppm Sigman and Boyle, 2000] . Second, a 3% increase in sea surface salinities (SSS) (equivalent to $1 PSU), corresponding to a 120 m drop in sea level [Fairbanks, 1989] , decreased CO 2 solubility. The same models show that this increases atmospheric pCO 2 by about 7 ppm. Finally, the land-to-ocean transfer of about a 500 Pg-C (Pg = 10 15 g), inferred from a whole ocean d 13 C difference of about 0.3% between LGM and the Holocene [Boyle, 1992; Duplessy et al., 1988; Matsumoto and LynchStieglitz, 1999] , would raise atmospheric pCO 2 by about 40 ppm before some of this rise is neutralized by ocean sediments [Archer et al., 2000] . The increase in atmospheric pCO 2 would be even larger, if we use higher estimates of land-to-ocean transfer [Adams et al., 1990; Kaplan et al., 2002] . The combined effect of these three conditions raises the atmospheric CO 2 content, making the task of explaining the low glacial CO 2 more difficult. These conditions are deemed relatively reliable, because they are simple, largely abiotic, and do not call for unknown changes in ocean circulation or biological production.
[5] Here we evaluate a new mechanism for lowering atmospheric pCO 2 that shares nearly the same attributes. It calls for the dependence of the rate of organic matter decomposition on temperature. The dependence is based on well-established observations that biological activity increases with temperature: organisms grow faster and die younger under higher temperatures. In a pioneering work, Eppley [1972] showed that phytoplankton growth rates are roughly doubled for a 10°C increase in temperature (i.e., Q 10 = 2.0). It has been shown on land as well that microbial activity increases exponentially with increasing temperature [Edwards, 1975] , and the relation often and likewise shows a Q 10 of 2.0 [Singh and Gupta, 1977] .
[6] All else being equal, this temperature dependence would enhance carbon export under glacial conditions, because the low ocean temperatures would retard the decay rate of sinking POC. Within the mixed layer, this effect would reduce the export rain ratio of CaCO 3 to organic carbon. This is consistent with the export production being strongly dependent on temperature [Laws et al., 2000] . Outside the mixed layer, this effect would lengthen the depth scale of POC remineralization or degradation into inorganic forms. Both effects will lower atmospheric pCO 2 and produce a distribution of dissolved inorganic carbon (DIC) that is ''bottom-heavy'' [Boyle, 1988] .
[7] The new mechanism is different from the more traditional triggers of strengthening the biological pump. The usual way is to increase primary production by invoking either a larger inventory of a macronutrient such as phosphorus [Broecker, 1982] or a greater availability of micronutrient such as iron [Martin, 1990] . By assuming constant remineralization rate, these forcing would indeed increase the export of POC. Our contention is that a similar effect can be realized by just slowing the organic carbon remineralization rate without changing the amount of primary production.
[8] In this study, we first examine a data-based distribution of the export rain ratio for signs of temperature dependence. Then we use a prognostic ocean ecosystem model coupled to a high-resolution, regional circulation model to quantify the sensitivity of POC remineralization and rain ratio to temperature changes. In doing so, we consider the indirect effect that temperature can have on the rain ratio through community composition. Finally, we use a simple global ocean-sediment carbon cycle model to obtain a rough estimate of how much the proposed mechanism may affect atmospheric pCO 2 .
Models and Data
[9] Following Sarmiento et al. [2002] , we use an ocean biogeochemical-transport box model of the top 100 m of the water column and measurements of ALK and nitrate to revisit the modern distribution of export rain ratios. The model essentially assumes that a downward transport of ALK and DIC by particulate matter across the 100 m boundary is balanced primarily by an upward transport of ALK and DIC by upwelling. This model is therefore applicable to regions where the horizontal gradients of ALK and DIC are much smaller than the vertical gradient, so that lateral transport can be largely neglected. The vertical transport of CaCO 3 to organic carbon across the boundary is estimated with the mean values of potential ALK (P ALK ; ALK normalized by salinity and nitrate) and salinity-normalized nitrate (nNO 3 À ) [Sarmiento et al., 2002, equation (11) ]:
where subscripts ''s'' and ''d'' correspond respectively to above and below the boundary. The constant 14.6 reflects both the elemental stoichiometry of C:N of 117:16 [Anderson and Sarmiento, 1994] and the fact that one CO 3 2À ion accounts for two alkalinity equivalents.
[10] We use the gridded ALK and nitrate data from GLODAP (Global Ocean Data Analysis Project) [Key et al., 2004] . The data set is comprised primarily of measurements from WOCE (World Ocean Circulation Experiment) and JGOFS (Joint Global Ocean Flux Study) and is publicly available at the GLODAP website (http://cdiac.esd.ornl. gov/oceans/glodap/Glodap_home.htm).
[11] We investigate the mechanism of temperature dependence of the CaCO 3 to organic carbon rain ratio with a 15-compartment prognostic, ecological model coupled to an ocean general circulation model of the northwest Pacific [Hashioka and Yamanaka, 2007] . The model has a horizontal resolution of 1°Â 1°and 54 vertical levels, and its domain reaches 60°N in the north and 20°N in the south. The ecological model includes two types of phytoplankton and three types of zooplankton. The larger phytoplankton type represents diatoms, the main agents of vertical transport of POC. The smaller phytoplankton type includes a fixed fraction (10%) of coccolithophorids, and this fraction is scaled to net primary production. The large and predatory zooplankton types represent copepods and euphausiids respectively. Ten percent of the small zooplankton type represents foraminifera. The sinking of coccolithophorids and foraminifera exports CaCO 3 out of the mixed layer. Other prognostic state variables of the model include ALK, DIC, silicic acid, nitrate, ammonium, and dissolved and particulate organic matter.
[12] In the 15-compartment ecological model, the rate of phytoplankton growth depends on available nutrient concentrations with the classical Michaelis-Menton kinetics [Monod, 1949] , available sunlight, ambient water temperature, and the concentration of phytoplankton itself. The rates of mortality of all organisms have the same quadratic dependence on their mass c Á e kÁT Á biomass 2 , where c is a constant of proportionality, k = 0.0693, and T is temperature in°C. The value of 0.0693 for k gives the Q 10 = 2.0 temperature dependence [Eppley, 1972] . The rates of decomposition of all particulate matters have a linear dependence on their mass c Á e kÁT Á biomass. The value of k is again 0.0693 for all particles. The value of constant c is 1/4 as small for water column CaCO 3 dissolution as for particulate organic nitrogen decomposition. The relative magnitude of this important parameter (1/4 for CaCO 3 and 1 for POC) describes the different decomposition rates of different particles. That is, POC is more easily degraded than CaCO 3 , as indicated by observations of vertical distribution of nutrients and alkalinity and of remineralization depth scales of the two particles. The values of this and other parameters in the ecosystem model have been determined by tuning the model to observations from the modern North Pacific [Hashioka and Yamanaka, 2007] . In our sensitivity study, the temperature of the ecological model was changed by +5°C and À5°C compared to our standard model until steady state was reached. The temperature in the physical model is unchanged to ensure that ocean dynamics remain unchanged for all simulations.
[13] The effect of temperature-dependent POC remineralization on atmospheric pCO 2 is assessed with the global atmosphere-ocean-sediment carbon box model of Matsumoto et al. [2002] . The surface ocean is divided into five regions: northern high latitudes, low latitudes, subantarctic, Antarctic polar, and Antarctic Divergence. This model's physical and biological parameters, including export production, were objectively determined by an inverse model, so that the misfit between observed and simulated nutrient and carbon isotope distributions in the ocean and atmosphere is minimized. The control run has an export rain ratio of 0.096 that is consistent with 0.08-0.10 found by Yamanaka and Tajika [1996] . In the sediment model, dissolution of CaCO 3 is driven by bottom water carbonate ion undersaturation and depends on the CaCO 3 content of the sediments. There is no contribution of respiration CO 2 to the dissolution. If anything, this omission will likely underestimate the response of atmospheric pCO 2 [Sigman et al., 1998 ], as we discuss in section 3.2. Inclusion of the sediment model allows the depth of the calcite saturation horizon to change and thereby simulates carbonate compensation explicitly. Steady state solutions of the model are obtained after 3,000 years without sediments (i.e., closed system) and after 30,000 years with sediments (open system).
Results
[14] We first discuss the spatial distribution of the rain ratio of CaCO 3 to organic carbon on the basis of modern ocean data. We then use our ecosystem model to investigate how the rain ratio depends on temperature. Finally we use our box model to estimate the temperature effect on atmospheric CO 2 .
Temperature Dependence of Organic Carbon Decomposition
[15] The distribution of the estimated rain ratios being exported at 100 m water depth is shown in Figure 1 . The estimates at each GLODAP data grid point are quite variable in space (Figure 1a) . However, it can be seen that the estimated ratios are generally higher in the warmer, lowlatitude waters than in colder, higher-latitude waters. This trend is consistent with our expectation and is clearer in the latitudinal distributions of the estimated rain ratio for each ocean basin (Figures 1b, 1c, and 1d ). As pointed out by Sarmiento et al. [2002] , the rain ratio in low latitudes is roughly about 0.1, which is much lower than the classical value of 0.25 [Li et al., 1969] . The scatter in the estimated rain ratio about the general trend can be quite large, because the simple vertical transport model used to derive the rain ratio can break down locally. Much of the large scatter is caused by the diminishing vertical gradient in nitrate across the 100 m boundary and the low signal of ALK relative to its measurement precision. For this reason, Sarmiento et al. [2002] estimate the rain ratio in much larger regions, where the assumptions of the model hold up better, and obtain the uncertainty in their estimates by a bootstrap method. As indicated by the bootstrap method and suggested by the scatter in the local rain ratio estimates (Figures 1b, 1c, and  1d) , the estimation has the highest level of statistical significance in the warm, low latitudes, where the ratios are generally the highest. This is consistent with a more recent study [Jin et al., 2006] that also find higher ratios in the topics and subtropics and lower values in the high latitudes, although the values are somewhat higher overall than those of Sarmiento et al. [2002] .
[16] Results from our prognostic ecosystem model show a much clearer temperature dependence of the export rain ratio for the standard run ( Figure 2a ). As expected, the rain ratios are lowest in the coldest waters of the model domain in the subarctic and are about 0.05. The highest ratios can be higher than 0.15, and these are found in the warmest waters in the subtropics. Rain ratios with intermediate values fall between the extreme water temperatures.
[17] However, only about half of this correlation between the model-predicted rain ratios and temperatures is actually caused by the temperature-dependent, preferential remineralization of organic matter over CaCO 3 . The other half is due to phytoplankton community composition, which also varies with temperature. As in the real ocean, the cold subarctic waters in the model domain are dominated by the large phytoplankton group consisting of diatoms. Warm waters have comparatively more coccolithophorids. The annual mean diatom fraction is much higher in the colder subarctic (over 60% of the total primary production) than in the warmer subtropics. This spatial dependence of the community composition does not necessarily indicate a direct causal relationship between it and temperature, because phytoplankton growth also depends on available nutrients and sunlight. The correlation between phytoplankton composition and temperature partly arises from the fact that available nutrients and sunlight are correlated to various degrees with temperature.
[18] In Figure 2a , there is a break at around 21°C in the trend of the model-predicted rain ratio. The smooth and predictable dependence below this temperature is absent above. Above 21°C, the rain ratio is affected by the fact that there is very little nitrate and thus production. In these waters, the small phytoplankton type has significant competitive advantage over the large type, because the former has larger surface area to volume ratio. The smaller type is thus able to take up nutrients faster from the ambient waters than the larger type. This ecological competition is partly to blame for the behavior of the rain ratio above 21°C.
[19] In our +5°C and À5°C sensitivity simulations (Figures 2b and 2c) , we can largely remove the temperature effect of phytoplankton composition (i.e., diatoms versus coccolithophorids) and isolate more clearly the effect on preferential remineralization of organic matter over CaCO 3 . The community composition is essentially unchanged in these simulations, because the large and small phytoplankton types have the same Q 10 = 2.0 dependence. For both cases, the rain ratio anomaly increases with temperature (in Figures 2b and 2c , rain ratios from the standard run were subtracted from both sensitivity runs). The anomaly is larger for the +5°C simulation than the À5°C simulation, because the temperature dependence of biological activity is exponential in the model following Eppley [1972] . Also, the temperature effect on the rain ratios can still be seen above the transition at 21°C.
[20] Outside the mixed layer, the effect of temperature on POC degradation alters the length scale of remineralization (Figure 3) . Our +5°C and À5°C sensitivity simulations show as expected that the cumulative degradation of POC referenced to its value at 100 m is larger for the +5°C experiment than the À5°C experiment at all depth (Figures 3c and 3d) . However, in terms of absolute rates, temperature-dependent POC degradation is most pronounced in the upper 100 m (i.e., export rain ratio) than below it (i.e., remineralization depth scale) at both subtropical and subarctic sites (Figures 3a and 3b) . For example, the subarctic decomposition rate in the +5°C experiment (dashed line, Figure 3a ) compared to the control experiment (solid line, Figure 3 ) is significantly greater (i.e., more positive) above 100 m. This leaves less POC to sink out in the +5°C experiment, so that the absolute degradation rate below 100 m is actually less (i.e., more negative) than the control. The opposite is true in the À5°C experiment, where more POC escapes degradation and this effect is again most pronounced in the upper 100 m (dash-dotted line, Figures 3a and 3b) . Evidently the effect of temperature on POC degradation has a more dominant impact on the export rain ratio than on POC remineralization depth scale.
[21] These results are entirely consistent with the study of Francois et al. [2002] . Because organic matter in warmer surface waters is more thoroughly processed by complex food webs and microbial loops [Laws et al., 2000] , the exported organic matter is less (i.e., lower f-ratios) but is more refractory in nature and thus less likely to be degraded in the ocean interior [Francois et al., 2002] .
[22] We can tentatively extrapolate the export rain ratio response from our regional model to the world ocean by multiple linear regression models. Predictions of rain ratio anomaly for the +5°C and À5°C simulations (Figures 2b  and 2c ) are modeled as functions of temperature and nitrate, which we identified as being the most important independent variables. We give separate regression models for the two simulations because the slopes are different (see amplitudes in Figures 2b and 2c 
[23] In these equations, both temperature T (°C) and nitrate concentration (micromole-N/l) are annual mean values in the top 100 m. The correlation coefficients for these equations are 0.84 and 0.80 respectively. These equations, combined with annual mean climatology of temperature and nitrate [Levitus and Boyer, 1994; Levitus et al., 1993] , predict a whole ocean change in the export rain ratio of +0.028 for the +5°C simulation and À0.020 for the À5°C simulation. These are clearly extrapolations, because the range of temperatures in our regional model does not span the world ocean temperatures.
Effect of the Temperature Dependence on Atmospheric pCO 2
[24] Figure 4 shows the steady state response of atmospheric CO 2 content to changes in the global mean export rain ratio, as predicted by the box model of Matsumoto et al. [2002] . Two cases are shown. Figure 4a shows the more traditional way of changing the ratio by keeping the POC flux constant and changing the flux of CaCO 3 . This is essentially a carbonate pump case, and it may be driven by a shift in ecosystem composition. Figure 4b shows the more relevant case to this study, in which the change in rain ratio is driven by POC flux.
[25] The atmospheric pCO 2 response without sediments (i.e., closed system) represents the response of the atmosphere to an oceanic redistribution of DIC and ALK (circles, Figure 4) . In Figure 4a , the response to the entire range of perturbation (0.0 -0.2 rain ratio) is limited to within ±20 ppm.
[26] The closed system response is much larger when organic carbon pump is the forcing (circles, Figure 4b ). For a forcing of 0.193 (i.e., a warming case), the response is in excess of +80 ppm. For a cooling forcing of 0.074, the response is greater than À60 ppm, which is more than half of the full glacial-interglacial amplitude in atmospheric pCO 2 . However, not all of this can be attributed to the temperaturedependent mechanism that we are evaluating. When the global rain ratio is reduced from the initial 0.096 to 0.084 by increasing the POC export flux everywhere, nitrate becomes nearly depleted in low-latitude surface waters. In other words, this is how much it takes to deplete the initial, low-latitude nitrate concentration of about 4 umol kg
À1
. At this point, atmospheric CO 2 drawdown is 30 ppm (vertical dashed line, Figure 4b ). Any further reduction in the global rain ratio is thus achieved by increasing the export of organic carbon at higher latitudes. Eventually even high-latitude surface waters become depleted as organic carbon flux is increased.
[27] The response with the effect of carbonate compensation included (i.e., open system) is large when the forcing is Figure 2 . Rain ratios predicted by the ecological model of Hashioka and Yamanaka [2007] . (a) Rain ratios are shown for our standard simulation. Rain ratio anomalies are shown for (b) +5°C experiment and (c) À5°C experiment. In both cases, rain ratios from the standard experiment were subtracted from those of the sensitivity experiments. Horizontal axis is annual mean temperatures in the top 100 m.
carbonate pump (crosses, Figure 4a ) but small when it is organic carbon pump (crosses, Figure 4b ). Although our sediment model does not include respiratory CO 2 dissolution, we expect our conclusions drawn from Figure 4b to be reasonable, given that the omission of respiratory CO 2 dissolution has almost no effect on atmospheric CO 2 for an organic carbon pump forcing [Sigman et al., 1998 ]. The same omission for a carbonate pump forcing apparently reduces the response of atmospheric CO 2 [Sigman et al., 1998 ], but this is of limited relevance to this study, which calls for a change in POC flux (Figure 4b ) rather than CaCO 3 flux (Figure 4a ).
Discussion
[28] Our analysis of data-derived rain ratios suggested and model-predicted export rain ratios showed clearly a correlation with temperature. Our ecological model indicated the importance of both ecological community composition and the degradation rate of organic matter. The dependence of POC decay rate on temperature in our ecological model (Figure 2 ) is entirely consistent with the results of Laws et al. [2000] . The underlying dependence of metabolic rates on temperature appears robust. We believe that the latitudinal distribution of data-derived modern rain ratios (Figure 1) can be explained at least qualitatively with our mechanism. Sarmiento et al. [2002] did not consider the temperature dependence and instead noted that some aspects of their distributions are ''somewhat at odds with expectations'' and are difficult to verify with observations. The correlation between temperature and community composition is difficult to characterize, as it simply may reflect a correlation of temperature with, for example, nutrients and light that may actually control the ecology. [29] On the basis of these arguments, we propose that the export rain ratios in the glacial oceans were reduced, as a result of cold seawater retarding the rate of POC degradation. An extrapolation of our results indicated that a 5°C cooling would reduce the export rain ratio by about 0.02. Available paleoceanographic evidence suggests that a 5°C cooling may be the upper limit of SST change during LGM [Broecker, 1986; CLIMAP Project Members, 1981; Guilderson et al., 1994; Rostek et al., 1993; Stute et al., 1995] . However, it appears unlikely that the new mechanism alone can cause a 0.02 drop in the global rain ratio, because nitrate may become depleted in low-latitude surface waters. Achieving a global 0.02 drop requires increased POC export in high latitudes, and the increase must be large in order for the areally small polar waters to affect the global rain ratio. This suggests that once the low-latitude surface waters are depleted in nitrate, the mechanism that draws down atmospheric CO 2 switches to a high-latitude nutrient depletion [Knox and McElroy, 1984; Sarmiento and Toggweiler, 1984; Wenk and Siegenthaler, 1985] from the mechanism proposed here. This transition point is reached when the global rain ratio reaches 0.012 (from 0.096 to 0.084) and CO 2 is drawn down 30 ppm (dashed line, Figure 4b ). An equivalent experiment with GCMs will very likely yield a larger drawdown. Matsumoto et al. [2002] showed that both their MOM-based Princeton model and the Hamburg LSG model [Archer et al., 2000] had about 3.5 times the response as simple box models to equivalent rain ratio forcings. The 30 ppm estimate provided here is subject to significant uncertainty, because we had to extrapolate results from our regional ocean model to the globe in order to obtain a global rain ratio change to a 5°C cooling. Then a simple box model was used to estimate the CO 2 drawdown. Under ideal situation, everything would be done consistently within a single model. We therefore argue that the 30 ppm drawdown, which represents a sizable fraction of the full 80-100 ppm glacial-interglacial pCO 2 amplitude, indicates the possibility that our mechanism has played an important role in explaining the full amplitude. It does not exclude other mechanisms from operating at the same time. In fact, additional mechanisms are necessary in light of the field's continuing difficulty explaining the full amplitude with a single mechanism.
[30] We note two potential obstacles to an acceptance of our proposed mechanism. One is the apparently important role that mineral ballasts play in vertically transporting POC [Armstrong et al., 2002] . Taking a step further with the model of Armstrong et al. [2002] , Klaas and Archer [2002] use a compilation of sediment trap data to argue that a substantial change in the rain ratio may be buffered against perturbations in surface production, given that CaCO 3 is the most important ballast in POC transport. The basic idea is that if there is more (or less) CaCO 3 , then there should be more (less) POC export regardless of how much POC there is, and so their relative proportions (i.e., rain ratios) in the sinking aggregate would not change much. Some have even suggested that the rain ratio hypothesis may no longer be a viable explanation for glacial-interglacial pCO 2 fluctuation [Ridgwell, 2003] .
[31] The new ballast model is compelling, but we believe that any ''buffering'' of the rain ratio with regard to our proposed mechanism remains to be demonstrated. First, both Armstrong et al. [2002] and Klaas and Archer [2002] used sediment trap data from water depths below 1000 m in their analysis. Therefore the association between ballasts and POC is unclear in shallower waters including the surface mixed layer, where we expect to see the largest effect of temperature on POC decomposition (Figure 3) . Second, as Armstrong et al. [2002] note, their data-based deep water rain ratios (or what they call the ''asymptotic transport ratios'') are statistically different in different regions. That is, the modern rain ratio is not buffered spatially. Third, the ballast model cannot explain data-based rain ratios in areas of high CaCO 3 export [Klaas and Archer, 2002] . Finally, it should be reminded that sinking aggre- Figure 4b indicates the point where the low-latitude surface nitrate is depleted (see text). Note that the rain ratios cannot be translated readily to temperature because they are also predicted using nitrate.
gates are often associated with not one type of mineral but multiple types, hence the word aggregate. In fact, it has been argued recently that it is the sinking POC that scavenges various suspended mineral particles and not the minerals scavenging POC [Passow, 2004; Passow and De la Rocha, 2006] .
[32] The second potential obstacle is the possibility that enhanced biological pump by our mechanism is self limiting in nutrient-limited productivity regimes, because deeper POC remineralization would draw down nutrients from the surface and thus reduced primary and export production. We recognize this as a real possibility, which we are unable to evaluate quantitatively at this time. Productivity in many parts of the modern ocean is indeed limited by nutrients, where this self-limitation may apply. However, other parts like the high-nutrient low-chlorophyll regions are not limited by phosphate and nitrate. Iron fertilization experiments to date indicate that these regions may be iron limited [De Baar et al., 2005] , but this limitation may have been relieved during peak glacial periods by increased dust flux [Wolff et al., 2006] . If so, these regions may not be susceptible to self-limitation. The extent to which self limitation in certain regions can cause the same for the world ocean is not obvious. Further complicating the issue is a finding by Palter et al. [2005] that horizontal advection of nutrients, in addition to the usual vertical mixing, may be important in supplying nutrients to the surface. Resolving the self-limitation issue requires more empirical studies that shed light on nutrients dynamics, which then would have to be incorporated into global ocean carbon cycle models for analysis.
Summary
[33] We propose that marine microbial activity was suppressed by the low ocean temperatures during the last glacial period. This allowed proportionally more POC to escape degradation in the mixed layer and thereby strengthened the organic carbon pump. We believe that the idea is appealing because it is simple. It is based on almost universal observations that metabolic rates increase with temperature. It is almost abiotic, especially from a macroscopic view, in that tiny entities like bacteria are relatively simple and respond to temperature predictably. The mechanism does not call for undocumented changes in ocean circulation or biological production. Simulations with a global carbon cycle box model indicate a 30 ppm drawdown of atmospheric CO 2 by the proposed mechanism. This estimate is uncertain but suggests a potential role of the new mechanism in explaining part of the full glacialinterglacial atmospheric CO 2 fluctuations. Given the historical difficult in explaining the fluctuations with a single cause, we suggest that a set of multiple mechanisms were responsible and that the temperature-dependent POC degradation rate is one of them.
[34] Under global warming, we would expect the opposite effect: higher temperatures would increase organic matter degradation particularly in the upper water column. With an inefficient organic carbon pump, this may lead to an increase in atmospheric pCO 2 . It is possible to have a positive feedback, as higher atmospheric pCO 2 would increases ocean temperatures that in turn would raise the rain ratio and thus atmospheric pCO 2 . A global carbon cycle model with nutrient dynamics is needed to investigate properly this potentially important feedback.
